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NOMENCLATURE 
S ymb 01 
A 
Definition 
L A r e a ,  i t .  
A r e a  a t  e n t r a n c e  of f lume,  ft .  2 
A r e a  a t  th roa t  of f lume ,  f t .  2 
A r e a  a t  r ec tangu la r  f lume e n t r a n c e ,  i t .  2 
A r e a  a t  r ec tangu la r  f lume th roa t ,  ft .  2 
A r e a  in  mode l ,  ft .  2 
Minimum a r e a ,  ft .  2 
A r e a  in  prototype,  f t .  2 
Rat io  of A /A , dimens ion less  
P m  
Bot tom width,  ft .  
Constant  equal  to  0.95 - 1. 0 but t aken ,  conservat ively ,  
a s  0.95, d imens ion less  
Coefficient u s e d  to obtain ac tua l  d i s c h a r g e ,  d imensionless  
2 Coefficient  defined by C /  ~ ( A ~ / A  ) - 1, d imens ion less  2 
Coefficient defined b y  h /(Fmax)', f t .  
m 
- 
Any depth ,  f t .  
Min imum speci f ic  energy,  f t  
Goefflcient of s u r f a c e  d r a g ,  a functlon of Reynolds number  
and re la t ive  roughness ,  d imens ion less  
F r o u d e  n u m b e r ,  dimensionless 
G r a v ~ t y  f o r c e s ,  l b s  
V l l l  
NOMENCLATURE (continued) 
Symbol 
F~ 
F 
m a x  
F 
r 
Definition 
Ine r t i a  f o r c e ,  l b s .  
Maximum F r o u d e  number  in  the  f l u m e ,  d imens ion less  
Rat io  of prototype F r o u d e  n u m b e r  to  that  in mode l ,  
d imens ion less  
Acce le ra t ion  due to  gravi ty ,  3 2 . 2  ft./sec. 2 
Difference in  w a t e r  l eve l s  a t  the  en t rance  and th roa t  of 
r ec tangu la r  f l u m e ,  ft .  
Upper  head of P a r s h a l l  f lume ,  ft .  
Head l o s s ,  i t .  
Depth of flow at en t rance ,  f t .  
Depth of flow a t  point in the  t h r o a t ,  f t .  
Depth of flow at exi t ,  f t .  
Min imum depth of flow in t h r o a t ,  f t .  
Depth of flow a t  e n t r a n c e  of prototype,  f t .  
Min imum depth of flow in t h r o a t  f o r  prototype,  f t .  
Depth of flow a t  exit of prototype,  ft .  
Depth of flow at e n t r a n c e  of m o d e l ,  f t .  
Mi~n imum depth of flow in  t h r o a t  f o r  mode l ,  f t .  
Depth of flow at exit  of mode l ,  f t .  
Any length,  i t ,  
NOMENCLATURE (continued) 
Symbol Definition 
Length in  m o d e l ,  it 
Length in prototype,  it. 
Ratio of L /L , dimens ion less  
D m 
Actual  d i s c h a r g e ,  c f s  
Theore t i ca l  d i s c h a r g e ,  c f s  
Discharge  in  m o d e l ,  c fs  
Discharge  in  prototype,  c f s  
Ratio of Q /Q,. d imens ion less  
P 
Hydraulic m e a n  depth ,  f t ,  
Slope, d imens ion less  
Water  s u r f a c e  width,  f t .  
Minimum w a t e r  s u r f a c e  width,  ft. 
Water  s u r f a c e  width of prototype,  f t .  
Average  velocity,  f p s  
Average  veloci ty  a t  e n t r a n c e ,  fps  
Average  velocity a t  point in  the th roa t ,  i p s  
Velocity in  model,  fps  
Velocity in  prototype,  ips  
NOMENCLATURE (con-cxnued) 
Symbol 
v 
r 
W 
Definition 
Ratio of V / V  , dimensionless 
P m 
Throat width of Pa r sha l l  f lume, it. 
2 . 5  Section fac tor  dependent upon geometry,  ft.  
Energy coefficient which considers non-uniform velocity 
distr ibution,  equals 1. 0 ,  dimensionless 
Coefficient depending on s t r e a m  tube curva ture ,  assumed 
equal 1. 0 ,  dimensionless 
2 4 
Density of fluid, lbs.  -sec .  /ft.  
Any angle, dimensionless 
SCOPE A N D  PURPOSE O F  INVESTIGATION 
The d i s c h w g e  occurr ing in  an  open channel can  be measured  by 
p l a c i ~ g  a constrict ion in the channel. F lumes  a r e  commonly u.sed a s  
constrict ions in open charmels, A flume i s  a specially designed and 
calibrated section built into a channel, the physical  proper t ies  of 
which allow the calculation of the discharge.  The nar rowes t  section 
of the f lume i s  usually called the throat.  The velocity of flow through 
the throat ,  fo r  any given flow ra t e ,  increases  with a decrease  in the flow 
deptlp. The ideal condition for  measurement  of discharge i s  a throat  
sufficiently constr ic ted to  produce cri t ical-depth in the throat.  When- 
ever  the geometry of a channel produces c r i t i ca l  flow the relationship 
between d ischarge  and head is independent of conditions downstream, 
making d ischarge  a function of only the ups t r eam depth. Thus, when 
critical-depth occurs  in  the throat ,  the only measu remen t  required to 
determine the discharge through the flume is the ups t ream depth of 
flow, thus making the wide use  of cri t ical-depth f lumes desirable  for  
measurement  purposes .  F lumes  of var ious  shapes  a r e  used to obtain 
a condition of critical-depth, the most  common and well known being 
the Pa r sha l l  flume. 
One purpose of thrs ~nvest lgat ion has  been  to study the tsapezordal 
shaped f lumes  which severa l  r e sea rche r s  (Ackers  and Harrrson,  1965, 
L u d w ~ g  and Ludwig, 1951, P a l m e r  and Bowlus. 1936; Robinson and 
Chamberlain,  i 9 6 2 ;  awii Mi elis  and Goiaas , 1943) have investigated. 
However, the p r l r r ~ a r y  purpose of this investigation has  been the desi-gn, 
calibration,  and evaluation, by model  study, of a trapezoidal measur ing  
flume to be constructed in  the distribution sys t em of the D. M. A.  D. 
Company (Delta,  Melvil le,  Abraham, and Dese re t  I r r igat ion Companies) 
in Delta, Utah. The flume lo  be constructed will be used to measu re  
i r r igat ion wa te r s  in a c a r ~ a l  (Canal "B") having a capacity of 3 0 0  c f s  
(cubic feet  p e r  second) and located below the D. M.A.  D. Dam. 
The essen t ia l  objectives of the model study have been: (1) 
investigation of s eve ra l  entrance and exit conditions to obtain the mos t  
economical, efficient, and pract ical  design,  (2) correla t ion of the data 
f rom this study with that of previous r e sea rch ,  and ( 3 )  comparison of 
head l o s s e s  in  trapezoidal f lumes with those of rectangular and 
P a r  shall  f lumes .  
The trapezoidal f lurr~e has  been designed a s  a cri t ical-depth 
flume utilizing presen t  tai lwater coriditions (the p re sen t  depth-.discharge 
reltitionship for  Canal "B" i s i l lustrated in F igu re  l ) ,  However, in- 
c reased  developments by the D. M. A. D. Company in  the channel down- 
s t rearn f r o m  the proposed flume may yield i ac reased  depth. of flow for  
ariy par t icular  discharge,  thereby increasirlg the degree  of submergence.  
%n case  the ta i lwater  depths sh~>oid r i s e  much above the present  i e v e i . ~  
lor any par t icu la r  discharge,  sut:mer6ence of the flume will un.. 
dojii-,tedly occur  a n d  iheii two varii;bie$ will have to be measured- -  
both the ups t ream and tailwater depths. Consequently, the calibratlor? 
of the trapezoidal measur ing  flume was extended to  submerged flow in  
this investigation. 
After the prototype s t ruc ture  has been constructed,  a field 
calibration will be  conducted. This field calibratioq will be  compared 
with the calibration for  the prototype s t ructure  a s  predicted f rom the 
model study. Neither the field calibration no r  the comparison between 
the field and model  prediction calibrations will be  incorporated into 
this  thesis .  
LITERATURE REVIEW 
Although the re  i s  a great  deal  of information available concerning 
cri t ical-depth f lumes ,  few studies have been made regarding t rape-  
zoidal f lumes.  The mos t  common and widely used open c h a n ~ e l  water-  
measuring device i s  probably the Pa r sha l i  measur ing  f lume,  whlc'n is 
of rectangular shape with an  i r r egu la r  bottom. The ParshaS? flume 
has been so designed that discharge measurement  of f r e e  and sub- 
merged flow can  be attained. The free-flow d ischarge  i s  a function 
only of the ups t ream depth. Discharge for  submerged flow through a 
Pa r sha l l  f lume i s  a function of the upstream depth and the ra t io  of the 
upstream to throat  depth (submergence) (Pa r sha l l ,  1945, 1950, 1953). 
The submergence cha r t s  provide a discharge cor rec t ion  which i s  sub- 
t racted f r o m  the f ree-f low discharge based on the ups t r eam depth 
alone. 
Development of trapezoidal flumes for  measu remen t  of flows in 
c i rcu la r  conduits was accomplished by P a l m e r  and Bowlus (1936). 
La t e r ,  Wells and Gotaas (1948) calibrated a number  of trapezoidal 
flumes for  use  in c i rcu la r  conduits. 
An extensive study of trapezoidal f lumes for  u se  in open channel 
flow measurement  has  been made by Robinson and Chamberlain (196%). 
They conclyded thar approach condinons have only slight effects on 
the  discharge,  and that  trapezoidal flumes could operate  a t  higher 
degrees  of sv.l,'mcrgence than rectangul.ar sections without the need 
of a correct ion factor .  Robinsol? and Chamberlain i1962) found thz'c 
trapezoidal flumes could be used withoilt correctron for sfibmergences 
a s  high a s  80 to 85 percent.  Wells and Gotaas (1948) d e i ~ n e d  sub- 
mergence a s  "the percent ratio of tailwater depth -lo the u-pstrearn 
depth of flow where the tailwater depth i s  r e fe r red  to channel xnvert 
a t  the point of upstream measurement .  " 
The justification and advantages for use of the trapezoidal flume 
over the rectangular flqme a s  l isted by Robinson and Chamberlam 
(1960) a r e :  
1. Approach conditions seemed to exert  a minor  effect 
on the head-discharge relationship. Mater ial  de- 
posited in the approach sectign did not change this 
relationship to any degree.  
2 .  A large  range of flow can be measured with a 
relatively smal l  change in depth thus minimizing 
the amount of freeboard needed on the canal.  
3 .  The trapezoidal shape fl ts  the common canal section 
m o r e  closely than does the rectangular flume. 
4. Trapezoidal flumes operate under higher degrees  of 
submergence than will the rectangular flumes with- 
out correct ions bcing necessary to the standard 
rating. 
The baslc theory lnvolved in the deszgn of the flvrne i s  that 
minimum specific energy occurs  at critical-depth, Summal-ized frron?. 
Ackers  and Harr i son  (1963) 
3 
E = Bd 4- a: . - ~ r J 2 ~ ,  2 . . . . . . . . . ,  1 
in  which 
E = m i n i m u m  speci f ic  energy ,  f t ~  
V = a v e r a g e  velocity of flow, f t .  / s e c .  
g = a c c e l e r a t i o n  due t o  gravity,  3 2 . 2  f t .  / s e c .  2 
d = depth  of f low, i t .  
a = e n e r g y  coefficient  which c o n s i d e r s  non-uniform velocity 
d is t r ibut ion,  equals  1 ,  0 ,  d imens ion less  
B = coefficient  depending on m e a n  s t r e a m  tube c u r v a t u r e ,  
a s s u m e d  equal  to 1. 0,  d imens ion less  
F r o m  the  equation of continuity 
Q = A V  . . ~ ~ . . . . . 
in  which 
A = c r o s s - s e c t i o n a l  a r e a  of f low, f t .  2 
A = d(b + m d )  f o r  t rapezoidal  shape ,  f t .  2 
b = t h r o a t  width,  f ee t  
1 : m = f l u m e  s ide  s lope  (ve r t i ca l  : hor izon ta l )  
With p r o p e r  subst i tut ion and solution of the  speci f ic  energy  and 
continuity equat ions  i t  c a n  b e  shown that 
Chow (1959) analyzed the  flKme geomet ry  a c c o r d i n g  to  
in which 
Z = section factor  dependent upon geometry 
F o r  a trapezoidal shape,  Z re la tes  the bottom width to the 
depth of flow and by use  of F igu re  4 -1  in Chow (1959) a check is 
provided on the validity of Equation 3. 
1 4 
m (var ies  in location) 
I Profi le  
The approach used by Roblnson and Chamberlain  (1962) i s  the 
basic  principle of energy conservation.  The Bernoulli  equation can  be 
writ ten between two sections (Sections 1 and 2 )  a s  
in  which 
V1 = average  velocity of flow a t  entrance,  f t ,  / s ec  
V2 
= average  velocity of flow at  a point in the throat ,  f t ,  / s e c .  
h l  = depth of flow a t  entrance,  ft. 
hZ 
= depth of flow at  a point in the throat ,  f t .  
hL = l o s s  of energy (assumed negligible), f t  
When combined with the equation of continuity 
Q = A V  
resu l t s  in 
To obtain the actual  discharge,  the theoretical  discharge mus t  b e  
modified by a coefficient,  C.  
Since the f i r s t  radical  i s  dimensionless and tends to ref lect  the geometry 
of the s t ruc tu re ,  it can  be incorporated into a new discharge coefficient, 
C '  (Robinson and Chamberlain,  1960) which yields 
in which 
Ackers  and Harr i son  (1963) have inves t~ga ted  energy lo s ses  
through trapezoidal f lumes ,  Head l o s s  i s  considered Important 1 2  this 
study since a maximum los s  of one foot i s  to  be allowed for  the 
prototype s t ruc tu re  under investigation. Consequently, the r e s e a r c h  
of Ackers  and Har r i son  has  been utilized to predict  losses .  The tota l  
energy l o s s  through the flume cons iders ,  ( a )  the effect of convergence,  
(b) the effect  of non-parallel  flow a t  the control  section, (c )  fr ict lon 
l o s s e s  through the throat ,  and (d)  the effect of divergence.  T h e ~ r  work 
shows the head loss  due to frict ion through the throat to be 
in which 
h = head Loss, f t .  f 
L = length of throat ,  f t .  
R = hydraulic mean  depth in throat  and i s  A/P, f t .  
f = dimensionless coefficient of skin d rag ,  depending on 
Reynolds number  and the re la t ive roughness. 
The head l o s s  due to f r ic t ion i s  based on the following assumptions 
(Ackers  and Har r i son ,  1963): 
1. Critical-depth occurs  throughout the length of the throat .  
2. The control section occurs  a t  the downstream end of the 
throat .  
3 .  The velocity in the throat  i s  uniform. 
DESIGN O F  PROTOTYPE TRAPEZOIDAL 
MEASURING FLUME 
The approach used for  designing the prototype trapezoidal 
measur ing  flume was that  given by Ackers  and Harr i son  (1963) in 
Equation 3. The design was then checked by the methoddeveloped 
by  Chow (1959). To obtain the neces sa ry  dimensions,  the r e s e a r c h  by 
Robinson and Chamberlain  (1960), and Ackers  and Harr i son  (1963) wa? 
consulted. The side slope of the trapezoidal section has  been found ta 
be "unimportant provided i t  sa t isf ies  the necessary  energy r e l - t '  a ion- 
ships" (Pa lmer  and Bowlus, 1936; Wells and Gotaas,  1948). Thus,  
the author decided upon a 1 : 1 side slope. 
The presen t  o r  exist ing depth-discharge relationship in Canal 
"B" (as  shown in  F igu re  1) gives the tailwater depth f o r  any discharge.  
The velocity in the canal i s  v e r y  low. Therefore ,  the minimurn specific 
energy was taken a s  the depth of flow in the canal and the velocity head 
was neglected. Hence,  based on the range of discharges  to  be m e a -  
su red  by  the flume, which i s  20 to 300 cfs (with 300 cfs being used a s  
the design flow), the throat  width was calculated to be six feet  using 
Equations 3. This same value of s ix  fee t  was calculated f r o m  
Equation 4 and used a s  a check on the validity of Equation 3 .  
In Equation 1,  an analysis  of the actual exit velocity distr ibution 
occurr ing in the model showed a = I .  0, and B was assumed equal t o  
i , O .  Calculations based on this equation show tha: free-flow wiLI occur 

over the range of discharge under present  tai lwater condi t ions ,  
No definite c r i t e r i a  f o r  the length of the throat can  be found in 
the l i terature .  Ackers  and Har r i son  (1963) suggest a length of twice 
the head. A length of two to four t imes  the throat width i s  suggested by 
Robinson and Chamberlain (1960) .  The au thor ' s  opinion, a f t e r  con- 
s iderat ion of their  r e s e a r c h ,  i s  that a throat  length of f if teen fee t ,  
which is  two and one-half t imes  the throat width, would b e  sufficient. 
F r o m  Ackers  and Har r i son  (1963) the calculated frict ional l o s se s  
i n  the throat w e r e  found to be about one-tenth of the total  l o s s .  Since 
the frict ional l o s s e s  through the throat  + r e  only a sma l l  percentage of 
the total energy l o s s ,  the author felt that severa l  entrance and exit 
conditions should be investigated. The basic  c r i t e r i a  for  u se  of a 
sho r t e r  o r  longer entrance o r  exit transit ion slope depend on the lo s s  
of energy, accuracy  of flow measurement  required of the installation, 
and possible erosion downstream f rom the flume. Evidence shows that 
the "exit t r a n s i t ~ o n  has  no effect on the accuracy of measurement  and , 
. . i s  des i rab le  only to conserve energy" (Wells and Gotaas ,  1948). 
This statement is to  be modified for  ear th  channels,  where  high exit 
velocities may  cause  erosion.  
The works of s eve ra l  authors  (Ackers  and Harkison, 1963; Ludwig 
and Ludwig, 1951; P a l m e r  and Bowlus, 1936; Robinson and Chamberlain,  
1960; Wells and Gotaas,  1948) were  investigated to de te rmine  the 
des i rab le  entrance and exit t ransi t ion slope. b c k e r s  and Har r i son  
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DESIGN O F  MODEL TRAPEZOIDAL MEASURING FLUME 
The  p r i m a r y  object ives  of the model  s tudy of the  proposed 
prototype f l u m e  to  b e  used  b y  the D.M.A. D. Company w e r e :  (1) the 
invest igat ion of e n t r a n c e  and exit conditions t o  f ind ,  if poss ib le ,  a 
m o r e  economical  des ign  than that  which w a s  f i r s t  p roposed ,  ( 2 )  
cal ibra t ion and recommenda t ion  of the  des ign to  the  D. M. A .  D. 
Company,  and (3)  c o r r e l a t i o n  of the data  f r o m  th i s  s tudy with those of 
previous  inves t igat ions .  
The teaching l a b o r a t o r y  a t  Utah State Univers i ty  i s  equipped with 
a five-foot-wide f lume ,  which i s  one-seventh  the  width of the  35-foot- 
wide cana l  into which the  prototype f lume i s  t o  b e  placed.  The l a b o r a t o r y  
f lume is of r ec tangu la r  shape ,  w h e r e a s  Cana l  "B" i s  U-shaped.  To 
s imula te  the  g e o m e t r i c  shape of Canal "B" in  the  l a b o r a t o r y ,  it would 
be  n e c e s s a r y  to  f i l l  in  the  c o r n e r s  of the  f lume .  Robinson and 
Chamber la in  (1960) have found that  approach  condit ions have a m i n o r  
ef fec t  on the  head-d i scharge  re la t ionship  and a r e  t h e r e f o r e  not s i g n i f i c a ~ t  
Consequently,  the  c o r n e r s  of the f lume w e r e  not f i l led .  A f t e r  consider ;  
at ion of the avai lable  l a b o r a t o r y  fac i l i t i e s ,  a dec i s ion  w a s  m a d e  to  u s e  
a Length r a t i o  of 1 : 7 (model  : prototype).  
In the open channel  flow prob lem being s tud ied ,  l a m i n a r  flow 
wil l  not o c c u r  and s u r f a c e  tens ion wil l  have n o  signif icant  effect  (Ackers  
and H a r r i s o n ,  1963). The predominant  f o r c e s  ac t ing on the  flow wil l  
be  those  of gravi'cy and i n e r t i a .  The  gravity f o r c e s  a r e  pronounced 
when the flow i s  subcr i t ical  and the iner t ia  fo rces  a r e  pronoti.nced wtien 
the flow i s  supercr i t ical .  Both f o r c e s  a r e  exer ted on the model and 
prototype. The ra t io  of iner t ia  fo rces  to gravity forces  is  the Froude  
number .  The iner t ia  forces  a r e  given by 
in which 
FI = iner t ia  f o r c e s ,  lb.  
p = density of fluid, 1b.-see. /ft.  4 
L = length, f t .  
V = average  velocity of flow, ft. / s ec .  
The gravity f o r c e s  a r e  given by 
in which 
F = gravity fo rces ,  lb.  
g 
g = accelerat ion due to gravity,  3 2 , 2  f t .  / s e c .  2 
The Froude  number ,  F ,  1s defined by 
Normally,  the square  root of the ra t io  of the  iner t ia  forces  to the 
gravity fo rces  is used a s  the Froude  number ,  thu.s 
The length, L, i n  the Froude  number  may  be any lengch, bub m open 
channel flow, L i s  usually taken to  be the depth of flow. The hydrautac 
depth is  taken a s  the cross-sectional a r e a ,  A ,  of the water  divided by 
the surface width, T (A/T)  (Chow, 1959). F o r  rectangular channels 
A / T  would be the depth of f low, but f o r  trapezoidal channels would be 
some constant t imes the depth. Hence, the Froude numbers  t o  be 
evaluated in  this study will u se  the hydraulrc depth @ I T )  for  the iengch 
measurement .  The Froude  number  will va ry  a t  each c r o s s  section i n  
the  flume because the flow depth and mean  velocity change f r o m  c r o s s  
section to c r o s s  section. 
Model measurements  a r e  converted to corresponding prototype 
measurements  by the laws of similitude. The subscript  "p" will be  
used to denote prototype proper t ies ,  "m" to denote model p roper t ies ,  
and " r"  to denote the ra t io  of the prototype proper t ies  to  the model 
proper t ies .  
The fundamental requi rement  for  the design of a Froude model 
i s  that  the Froude number  be the s a m e  in the model and in the prototype 
(Murphy, 1950), thus F ( ra t io  of prototype Froude number ,  F to 
r P' 
model  Froude number ,  F ) i s  equal to one. 
rn 
As mentioned before ,  the length ratio i s  equal to seven. 
se uaTJ:xmax aq L e n  
'JJ ' M O ~ J  JO e a x e  I e u o q J a s -  s s o x ~  = v 
Z  
' s a s /  '75  %$ex MOTJ = 0 
E 
Y J l Y M  U!. 
A V  = 0 
i(q;nu;$uo3 jo uo;qenba ayL 
. . . . . . .  
n d 
A 5 9 ' Z =  A  
I .I 
s 9 . z  =LJ = 3= A 
x .I 
'1 = B pue 1 = J asuIs  'pue 

In the prototype s t ruc ture ,  pipes will be  extended into the flow, 
both ups t ream and downstream f rom the flume, to m e a s u r e  the depths 
of flow at  these locations.  These pipes will lead to stilling wells placed 
along side the f lume,  in which floats and a r eco rdb r  will be  located. 
To duplicate this condition in the model f lume, tubing was used to 
m e a s u r e  the ups t ream and downstream flow depth. The upstream and 
downstream depth measurements ,  a s  read in the model stilling wel ls ,  
were  cor re la ted  with the discharge r a t e s  through the flume to yleld the 
neces sa ry  calibration.  
The prototype flume will be  constructed of concrete .  The average  
roughness height for  a concrete surface v a r i e s  f r o m  0. 001 to 0. 01 feet 
(King, 1954). To obtain an  equivalent roughness in the model it  would 
be neces sa ry  to  have a roughness height somewhere between 0.0001 to 
0. 001 feet .  To obtain this roughness height, the model flume was 
constructed of plywood with a sanded-painted sur face .  The es t imated 
roughness height was about 0,001 feet .  
The initial design used f o r  the model trapezoidal measuring 
flume i s  shown in  F igu re  3 .  
EXPERIMENTAL FACILITIES 
Af te r  the  const ruct ion of the  mode l  t rapezoidal  m e a s u r i n g  f l u m e  
w a s  completed  ( F i g u r e  4 ), i t  w a s  p roper ly  placed in the  f ive-foot  
by f ive-foot  f lume ( F i g u r e  5 ), loca ted  i n  the  f l u i d m e c h a n i c s  
l a b o r a t o r y .  
Two pumps w e r e  u s e d ,  opera t ing together  and capable  of 
de l ive r ing  over  3 cfs .  The flow r a t e  w a s  regulated by m e a n s  of a  
valve  located  on the  l ine a s  i t  e n t e r s  the l abora to ry .  When s m a l l e r  
f lows w e r e  d e s i r e d  i t  w a s  n e c e s s a r y  to  u s e  only one pump.  The  w a t e r  
w a s  pumped through a 12-inch-diameter  pipeline which f e e d s  into the  
f ive-foot  by five-foot f lume .  At the  beginning of th is  f lume  is a s c r e e n  
which provides  a n  even dis t r ibut ion of the flow. The flow p a s s e d  through 
the  f l u m e  and  d i scharged  into weighing t anks .  The flow r a t e  w a s  
ca lcu la ted  f r o m  the  weight of w a t e r  caught in  the tanks dur ing  a 
p a r t i c u l a r  t i m e  per iod.  The w a t e r  w a s  was ted  f r o m  the weighing t anks  
into the s u m p ,  w h e r e  i t  w a s  r e c i r c u l a t e d  ( F i g u f e  7 ) .  
When the flow w a s  pass ing  through the  t rapezoidal  f l u m e ,  m e a s u r e -  
m e n t s  w e r e  m a d e  of (1) u p s t r e a m  depth ,  (2)  min imum depth in the  t h r o a t  
and  i t s  locat ion,  ( 3 )  cr i t ica l -depth  and  i t s  location,  and (4) d o w n s t r e a m  
depth.  Al l  depth m e a s u r e m e n t s  w e r e  m a d e  by the use  of a point gage ,  and 
read ings  w e r e  made  to  the  n e a r e s t  0 . 0 0 1  foot.  Copper  tubing ( F i g u r e s  
8 a n d  9 )  running f r o m  ups t ream and d o w n s t r e a m  ends of the t r apezo ida l  fluEe 
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into stilling wel ls ,  located near  the middle of the flume ( F i g u r e  6), 
provided for  measurement  of the ups t ream and downstream depths. A 
c r o s s  b a r  a c r o s s  the flume was used to support  a point gate to m e a s u r e  
the minimum and critical-depths occurr ing in the throat (F igures  
8 and 9 ) .  
A tai lgate was placed downstream f r o m  the dlume exit in o rde r  
to regulate the tailwater depth corresponding to that to be encountered 
ln the field (F igure  10) .  
DESIGN CI-IANGES RESULTING PROM MODEL STUDY 
The mos t  s eve re  conditon which the trapezoidal measur ing  flume 
must  undergo f rom the standpoint of downstream erosion and total 
energy lo s s  i s  the design flow of 300 c fs ,  whlch corresponds to 2 . 3 1  
c i s  in the model. Consequently, the effect of design changes was 
evaluated in  the model a t  2 31 c f s .  
After  design flow was established in  the model, the tai lwater w a s  
adjusted to  the height which gave the existing tailwater depth to  
be encountered in the field,  which for  the model a t  design flow was 
0.  57  fee t .  
With the w a t e r  flowing a t  design conditions, o r  a t  any other flow, 
separat ion of flow occurred a t  the end of the throat. The skin f r ic t ion 
of the f lume wasn ' t  g rea t  enough to cause the flow to dece le ra te  rapidly 
enough to exit uniformly, because the divergence of the exit section was 
too great .  This separation caused the flow to adhere to one s ide o r  the 
other of the diverging wall. (See F igu res  11 and 12.3 A recirculat ion 
occur red  downstream allowing p a r t  of the flow to come back t o  the exit 
on the opposite side of the flume f r o m  which it was leaving. The main  
reason  for  the separation i s  the  inability of the flow to diverge a t  the 
angle that  the flume was constructed,  which was three to  one. The 
0 included angle of this divergence i s  3 6 . 9  . F r o m  Chqw (1959, p. 3141, 
the length of a transit ion should b e  determined so  that "a s t ra ight  line 
joining the flow 1lne a t  the two ends of the t r a n s i t ~ o n  will make an  angle 
of about 1 2 .  5' with the axis  of the s t ruc tu re . "  S imi la r  c r i t e r i a  a r e  
given by Hinds (1928) concerning the maximum divergence angle. 
This condition would requi re  a divergence of about 9 : 1 instead of 3 : 1 .  
To eliminate separat ion of flow and to b reak  up the jet leaving 
the throat ,  severa l  methods were  explored. Vanes constructed of s teel  
were  placed on the trapezoidal f lume bottom in the exit sections in  
an attempt to  dis t r ibute  the flow evenly. These vanes  were  placed in 
various pat terns ,  with some t r i a l s  extending vanes up into the flume 
throat .  The vanes were  made  of varying heights and s i ze s .  The re  was 
no noticeable effect of the vanes upon the main flow conditions. Cri t ical-  
depth always occur red  in the throat  and a t  the s a m e  location f o r  the. 
design flow, The head lo s s  a l so  remained about the s a m e ,  The 
problem of separat ion was  s t i l l  present .  (See F i g u r e s  13 and 14. ) 
Next, wooden blocks w e r e  placed in the Plume bottom. Various 
patterns and a r rangements  w e r e  used.lSee F igu re  15, 16,  17 ,  and 18, ) 
These blocks were  always placed with the idea in  mind tha t  they  would 
not t r ap  passing sediment but allow it to p a s s  through the blocks. 
Double rows of blocks were  t r ied . (F igu res  1 7  and 18) with the 
second row staggered behind the f i r s t  a s  well a s  the second row being 
placed at  varying distances behind the f i r s t .  Using the blocks,  the flow 
of water  was different  depending on the pat tern used. The c loser  to  the 
throat  the blocks were  placed, the grea te r  the  degree  of submergence 
that occur red  in  the throat .  
Although the blocks broke up the jet and partial ly prevented 
separation,  and although some ar rangements  ( those placed fur ther  
f rom the throat)  evenly distributed the flow a c r o s s  the exit,  the main 
objection to  the i r  use was the  creat ion of a hydraulic jump (F igu re  
16) direct ly  behind the blocks,  yielding a worse  condition for erosion 
at  the end of the flume. Another feature which discouraged the use of 
the blocks was the submerged flow thereby c rea t ed  in  the throat ,  which 
prevented operation a s  a cri t ical-depth flume. 
After many t r i a l s ,  it  was concluded that the exiting section would 
have to be constructed with a divergence much  l e s s  than the one being 
used. F r o m  other s tudies ,  the ideal  divergence should be 9 ; 1, bnt 
in view of economic fac tors  i t  was decided to  diverge a t  6 : 1. 
Before  a new exit section (Section 6 )  was  constructed,  the f i r s t  
converging section (Section 1) was removed, as  it seemed f rom ohser -  
vation of the entering flow that this section might possibly be eliminated. 
With Section 1 removed, the f lume was tes ted under design conditions 
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and very  l i t t le difference was observed in the enter ing flow conditions 
o r  in the measu remen t s .  Crit ical-depth occur red  a t  the same location 
in the throat.  The flow entered the flume smoothly (Figure  19)  and 
with a slight contraction a t  the two s ides .  The amount of head los s  
through the f lume,  with Section 1 removed, was  reduced by 0 .005 feet .  
Economically then, i t  was feasible to remove the f i r s t  section since 
desirable  entrance conditions could b e  maintained. 
The 6 : 1 divergence section was constructed inside of the 
discarded 3 : 1 exit (F igures  20 and 21). The construction and 
flnish was done in the s ame  manner  a s  the 3 : 1 exit  section had been. 
With the water  flowing a t  design conditions, separat ion of flow 
still  occurred.  The problem was again approached using vanes 
(Flgure 22) and blocks,  and with the same resu l t s  a s  previously 
attained. 
A design was  then t r ied  using wooden blocks (essentially columns) 
high enough to protrude above the water su r f ace  a t  the maximum flow. 
In the beginning these columns were  used in conjunction with the s tee l  
vanes (F igures  23 and 24).  Some idea of the pat terns  t r ied  can be 
seen in these f igures ,  There  was some limited succes s  in the use of 
two columns (F igure  24) m distributing the flow a l i t t le m o r e  
evenly. The next s tep ,  then, was to t ry  var ious  pat terns  of columns. 
The columns were  used in one and two rows and with var ied spacing 
before  the bes t  possible combination was selected.  F igu res  25  and 2 6  
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ANALYSIS O F  DATA FROM FINAL DESIGN 
Super-critical flow analysis  
The mos t  des i rab le  condition for  predicting the d i scharge  in  a 
f lume i s  t o  have the  th roa t  sufficiently constr ic ted t o  produce c r i t i ca l -  
depth, When cri t ical-depth occu r s  in the throat ,  the only measu remen t  
requi red  t o  de te rmine  the  d i scharge ,  through the  f lume,  i s  the ups t r eam 
depth. 
The proposed prototype design was  calibrated a s  a cr i t ical -depth 
f lume by means  of a model,  The flow and depth w e r e  m e a s u r e d  a s  
previously stated.  A s  long a s  the flow passed through cr i t ical -depth 
in the throat ,  the flow was independent of the downstream depth even 
though the ups t r eam depth var ied  with discharge.  
After the data  were recorded ,  the flow was plotted a s  the  ordinate 
and the depth a s  the absc i ssa .  A conversion was made  to  corresponding 
prototype measurements  and the data were  plotted on both ca r t e s i an  and 
log-log paper .  On log-log paper ,  the points plotted a s  a s t ra igh t  l ine 
( Figu re  33 ) which shows tha$ an exponential relat ionship exis ts  
between flow and depth. The equation of a s t ra ight  l ine on log-log paper 
can  be wri t ten a s  
S log y = s (log x) + log C o r  y = Cx 
in which 
y = the function plotted a s  the ordinate 
x = the function plotted on the absc issa  
s = the slope of the l ine 
C = constant equal to the value of y when x = 1. 0 
thus 
log Q = s log (h 3 + log C 
P 1 P 
o r  
From Figure  33 
s = 1 ,78  
C = 18.0 
therefore 
The corresponding equation relating depth and flow in the model,  
which was obtained i n  the s a m e  way, i s  
Equation 16 allows the calculation of any flow passing through the 
prototype flume provided the upstream depth i s  measured and cr i t ical-  
depth has  occurred in the throat .  


Submerged flow ana lys i s  
If any flow p a s s i n g  through the  f lume  fa i l s  to  p a s s  through c r i t i c a l -  
depth,  the flow is s a i d  to  b e  submerged .  Submergence ,  a s  defined by 
Wells and Gotaas  (1948),  i s  ' I t  he pe rcen t  r a t io  of t a i l w a t e r  depth to  the  
u p s t r e a m  depth of flow w h e r e  the ta i lwater  depth  i s  r e f e r r e d  to  the  
channel inver t  a t  the  point of u p s t r e a m  m e a s u r e m e n t .  " 
Many a s p e c t s  of submergence  r e s e a r c h  have not yet been studied.  
One approach  to  the  s i tua t ion i s  tha t  m a d e  by Robinson (1964) w h e r e  
(h / h  ) is plot ted aga ins t  Q / Q  , i n  which 4 1 0 
Q = observed  d i s c h a r g e  
Q = theore t i ca l  d i s c h a r g e  obtained f r o m  Equat ion 7 
0 
Robinson (1964) found that  the flow did not r e q u i r e  c o r r e c t i o n  
until  the s u b m e r g e n c e  r e a c h e d  approximate ly  80 p e r c e n t .  Then,  f o r  
submergence  g r e a t e r  than  80 pe rcen t ,  the plot of s u b m e r g e n c e  v e r s u s  
Q / Q  can  b e  ut i l ized to  obtain Q / Q  . The  theore t i ca l  d i s c h a r g e ,  
0 0 Qo, 
can  be  obtained f r o m  the  u p s t r e a m  depth,  h l ,  and  thus the  d i scharge  
Q,  can  b e  computed.  
The da ta  f r o m  th i s  r e s e a r c h  effort have  b e e n  plot ted in, the s a m e  
manner  a s  used  b y  Robinson ( F i g u r e  35). Th i s  r e s e a r c h  ef for t  a l s o  
found that  no  c o r r e c t i o n  f o r  flow w a s  needed unti l  a submergence  of 
approximate ly  80 p e r c e n t  w a s  reached  and the plot of ( Q / Q  ) v e r s u s  
0 
jh4/hl)  w a s  ident ica l  in  shape to  those  produced b y  Rdbinson (1964).  
F r o m  F i g u r e  35, i t  can be seen that considerable sca t te r  exis ts  
in the data.  The use of F igu re  35 f o r  submerged flow conditions would 
resul t  in considerable  e r r o r  in determining the d i scharge ,  Consequently, 
it  was felt  that an  improved method of analyzing submerged flow in a 
trapezoidal f lume was  neces sa ry .  
Considerable thought was given to an  approach for  analyzing 
submerged flow conditions. The submergence, h 4 / h l ,  was considered 
to be an appropria te  parameter .  The proper  c r i t e r i a  for  super -c r i t i ca l  
o r  subcr i t ical  flow in the throat  i s  the Froude  number .  Consequently, 
the Froude  number  was evaluated at  the c r o s s  section of the throat  
where minimum depth occurred.  This F roude  number ,  Fmax, 
i s  actually the maximum Froude  number occurr ing in the flume. The 
other pa rame te r ,  which will be  r e f e r r ed  to a s  the ene rgy .  loss  
pa rame te r ,  i s  defined a s  (h - h ) / h  . The energy l o s s  parameter  1 4 m  
- 
was selected a s  a means  of using the energy . l o s s ,  h - h a s  a 1 4' 
significant pa rame te r  made dimensionless by division of the minimum 
depth of flow in the throat ,  h The use of min imum depth, h , also 
m 
- 
m 
- 
had the advantage of utilizing the conditions a t  the t h r e e  important 
c r o s s  sections.  
The p a r a m e t e r s  involved in submerged flow in  trapezoidal 
measuring f lumes  can  be obtained f rom dimensional analysis ,  a s  
follows : 

With five independent quantities and two dimensions,  th ree  p i - te rms  
a r e  der ived,  
Equatxon 19 can be modified by replacing V with Q/A and h with 
m 
- 
m 
- 
A /T . 
m m 
- - 
TI = 
Q 
1 = F T m a x  
A - m 'gAm/  m 
- - 
in which 
Q = flow ra te ,  cfs 
A = minimum a r e a ,  equals (b  t h ) b, f t .  2 
m m 
b = flume throat  bottom width, f t  
h = minimum depth of flow in the throat ,  f t .  
m 
-
T = minimum water  sur face  width of flow in the throat,  it 
m 
g = accelerat ion due to gravity,  32. 2 f t . / s e c .  2 
The relationship between submergence and the energy l o s s  
pa rame te r  was developed by plotting the log of submergence a s  the 
ordinate and the energy lo s s  pa rame te r  a s  the abscissa .  The relation- 
ship was essentially a s t ra ight  l ine (F igure  36) which can be wr i t ten  a s  
an  equation 
o r  simplifying 
Submergence = h / h  = 0 .99  . . .  23 4 1 0.34 
10 
A log-log plot was prepared  between the energy lo s s  pa rame te r  
and the maximum Froude number ,  F (Figure  37). The energy 
max '  
l o s s  parameter  was plotted a s  the ordinate and F was plotted a s  
max  
the absc issa .  The relationship was  essentially a straight l ine and 
resu l ted  in the equation 
To show the relationship between the th ree  p i - te rms  F 
max '  
h 4 / h l ,  and (h - h4) /hm an  additional plot was made between sub- 1 
- 
mergence  and the energy lo s s  pa rame te r .  The energy lo s s  p a r a m e t e r  
was  plotted on the log sca le  a s  the ordinate and to the s ame  sca le  a s  in 
F i g u r e  37. Submergence was plotted a s  the absc issa  on a ca r t e s i an  
sca le .  This plot (F igure  37) yields a pract ical  graphical solution of 
30 801 pue ;raqaurexed s s o ~  i(8;raua uaamqaq drysuoqe1a\6 
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mu 
F when the submergence i s  known a s  well a s  showing the relation- 
max  
ship between the th ree  pa rame te r s  o r  p i - te rms ,  
With the relationship between submergence and Froude  number  
known, i t  was des i red  to re la te  these two pa rame te r s  to discharge.  
F i r s t ,  a log-log three-dimensional plot of h 
m ' 
(h l  - h4) ,  and 
- 
(hl - h4)/hm was prepared .  The energy lo s s  pa rame te r  was plotted 
- 
a s  the ordinate ,  h a s  the absc issa ,  and h 1 - h4 a s  t h e  variable, m 
- 
For the family of curves  s e e  F igu re  38. Since h and h4 a r e  1 
measured ,  the value of the energy loss  parameter  can be obtained f rom 
Figure  37, thereby allowing the determination of h f r o m  Figure  38. 
m 
- 
Next, a three-dimensional  log-log plot was made  of h , F 
m 
-
max '  
and discharge,  Q. H e r e  h was plotted a s  the ordinate ,  F a s  
m 
- 
max  
the absc issa ,  and d ischarge  a s  the parameter  for  the family of curves  
(Figuse 39. ) The solution for  any discharge,  given the upstream 
and downstream depths,  would entail the use of F i g u r e  38 to obtain a 
value of h ; the u se  of F igu re  37 to obtain the F roude  number ;  and 
m 
- 
then f r o m  Figure  39 a value of discharge could be interpolated.  
However, an  equation f o r  evaluating the d i scharge  f r o m  F igu re  
39 can be obtained by  writ ing the equation of each of the l ines ,  
S h = C F  
m 
-
5 m a x  
The coefficient, C5 '  i s  the value of h for  F = 1. 0. Consequently, m 
- 
a value of C i s  obtained for  each line of constant discharge ( see  the 5 
table included in F igu re  39). A log-log plot was then prepared  between 
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the p a r a m e t e r  C and discharge (F igure  40). The straight-l ine 5 
relat ionship between discharge,  Q, and C can be  expressed by  5 
Q = 34.7 C 1.74  . . .  , . . . . . . . .  25 5 
F r o m  F igu re  39, h and F a r e  re la ted  to C a s  
m 
- 
m a x  5 
-0.57 h = C  F 
m 
- 
5 m a x  
C = h  F 0.57 . . . . . . . . . .  5 m m a x  
-
Combining Equations 25 and 26 
. . . . . . . . . .  Q = 34.7 F h 1 .74 
m a x  m 
2 7 
- 
To obtain the relat ionship between Q and h / h  Equations 27 4 1' 
and 24 a r e  combined to  yield 
which, when combined with Equation 23 and simplified,  yields 
-13.83 (h  - h ) 1.74  1 4  Q =  . . . . ? . . .  
-h4 1.32 (log- t 0. 0044) 
1 
Although Equation 28 i s  only valid f o r  the t rapezoidal  measur ing  
flume studied,  i t  does show that  only the ups t r eam and downstream 
depths need to be  measu red  to de te rmine  the  d i scharge  under sub- 
merged  flow conditions in any t r a p e z o ~ d a l  f lume. 
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In o rde r  to pe r fo rm the ar i thmetic  operations of the equations for  
the submerged trapezoidal f lume,  a computer p rogram was writ ten.  
This  program,  including input and output data,  i s  l isted in Appendix B. 
The computations show the accuracy  of Equations 23, 24, and 28. 
The accuracy  obtained in  calculating discharge a s  a function of sub- 
mergence  only i s  of special  in te res t .  The computer p rogram output 
showed that the discharge a s  computed f r o m  Equation 28 has  a percent -  
age of e r r o r  (based on measu red  values) of 0 .50  percent for  sub-  
mergence  values g rea t e r  than 90 percent ;  1,78 percent for  submergence 
values between 85 to 9 0  percent ;  and 3 . 8 2  percent for  submergence 
values  f r o m  85 percent to c r i t i ca l  flow. The average e r r o r  for  all 
measu red  values of submergence was  1 . 4 1  percent.  Hence, the 
relationship obtained between discharge and submergence i s  m o r e  
accura te  for  the higher submergence values.  
The relationships thus a r r i v e d  at  in the preceding equations a r e  
valid and the degree of inaccuracy i s  p r imar i ly  due to experimental  
procedures .  The amount of e r r o r  i s  sa t isfactory for  mos t  f ield flow 
measu remen t  stations.  
One of the p r imary  purposes  of this investigation has  been  the  
design and calibration of a prototype trapezoidal measuring flume which 
could be constructed in Canal "B" of the distribution sys tem of the 
33, M.A.D.  Company. P r i m a r i l y ,  the flume will operate with c r i t i ca l -  
depth occurr ing in the throat  and consequently, only the ups t ream depth, 
.asuaE!;cartrqhs pu-e ' s s o ~  AE!.zaua 
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h l ,  will have to be measu red  to  determine the discharge.  If the tai l-  
water  depths in Canal "B" should inc rease  in the future ,  the flume may 
become submerged. Therefore ,  calibration curves  for  submerged flow 
have been prepared.  
In o rde r  to prepare  calibration curves  for  submerged flow, a 
three-dimensional log-log plot was  prepared  of Q, h - h and 1 4' 
h4 /h l .  The discharge,  Q, was  plotted a s  the ordinate, energy l o s s ,  
h - h a s  the absc issa ,  and submergence,  h4/hl ,  a s  the var iab le .  1 4' 
For the family of curves  see  F igu re  41. A se r i e s  of paral le l  l ines  of 
varying submergence were  then drawn f o r  submergences between 80 
percent  and 96 percent.(See F igu re  41.3 In the field then, for  a m e a -  
sured  ups t ream and downstream depth, the energy lo s s ,  h - h and 1 4 '  
the  submergence,  h 4 / h l ,  can  b e  computed, thus allowing a d e t e r -  
mination of the discharge f r o m  F igu re  42 for  the prototype t rapezoidal  
measur ing  flume. 
ENERGY LOSSES I N  MEASURING F L U M E S  
A c o m p a r i s o n  of the energy  l o s s e s  in t h r e e  types  of ventur i  
f l u m e s  ( P a r s h a l l ,  r e c t a n g u l a r ,  and t rapezoidal )  is to  b e  m a d e .  T h e s e  
flumes are  all v e n t u r i  f l u m e s  which cons i s t  of a gradual ly  converging 
port ion ( the e n t r a n c e ) ,  a cons t r i c t ed  port ion ( the t h r o a t ) ,  and a gradual ly  
diverging port ion ( the  ex i t ) .  The compar i son  of the  f lumes  wi l l  be based 
upon des ign condit ions f o r  Canal  "B" w h e r e  the head l o s s  through each  
type f lume  m u s t  b e  l e s s  than one foot and the m a x i m u m  d i s c h a r g e  i s  
300 cfs .  
Under des ign condi t ions ,  model  m e a s u r e m e n t s  conver ted  to  
prototype m e a s u r e m e n t s  f o r  the  t rapezoidal  f l u m e  gave a n  u p s t r e a m  
depth equal  to  4. 865 fee t  with a downs t ream depth of 3 ,955  fee t .  
T h e r e f o r e ,  the  head  l o s s  through the f lume i s  0 .91  f e e t .  
A prototype r e c t a n g u l a r  m e a s u r i n g  f lume w a s  des igned accord ing  
to  the  c r i t e r i a  of Kinfg (1954), 
Q = cMa2 4h . . . . . . . . . . . . . 29 
in  which 
c = constant  equal  to  0 .95  - 1. 0 and taken,  conse rva t ive ly ,  a s  
0.95.  
a = a r e a  a t  t h r o a t ,  f t .  2 2 
h = di f fe rence  in  w a t e r  l eve l s  a t  the e n t r a n c e  and  t h r o a t ,  f t .  
Q = f l o w r a t e ,  cfs.  
a = a r e a  a t  entrance,  f t .  2 1 
F o r  a flow ra t e  of 300 c fs ,  and using c = 0.95,  the throat  width of 
10 feet  gives the s ame  total energy (4. 75) a s  computed for  the t rape-  
zoidal f lume. F o r  the prototype rectangular f lume design see  F igu re  
43. 
A prototype Pa r sha l l  measuring flume was  designed according to 
the c r i t e r i a  of the U .  S. Bureau of Reclamation (1953) in which 
in which 
Q = discharge ,  c i s .  
W = width of throat ,  f t .  
H = upper head, f t .  
a  
The value of H was obtained f r o m  I s r ae l sen  (1953) in which the 
a 
minimum head l o s s  for f r e e  flow equals 0.4 x H , and the minimum 
a 
head loss was taken a s  1 .0  feet  for  a comparison with the trapezoidal 
f lume. The design was then completed according t o  the U. S.  Bureau 
of Reclamation (1953) and F igu re  44 shows the detai ls  of the design. 
The comparison of the s t ruc tu re s ,  a l l  of which will  accomplish the 
s ame  operation with the s ame  head loss ,  shows that 46. 5 cubic yards  
of concrete a r e  neces sa ry  for  construction of the trapezoidal f lume,  
45 cubic yards  f o r  the rectangular ,  and 33.5 cubic yards  of concrete  
a r e  needed to e r e c t  the Pa r sha l l  f lume. 
Figure  43. Design of rectangular  measur ing  flu*---------------- END VIEW 
F i g u r e  44. Design of Parshall m e a s u r i n g  f lume.  
Even though the P a r s h a l l  flume requires  a sma l l e r  volume of 
concrete it has  two main  disadvantages because of the necessi ty  to s e t  
the f loor  of the s t ruc tu re  a t  an  elevation which wlll sirtisfy the normal  
headwater conditions. These disadvantages are: (1  ) s i l t  depositing 
ups t ream,  and (2)  increased  depth upstream, causing additional seep-  
age lo s se s .  Canal "B" i s  v e r y  s imi la r  to Canal "A". In Canal "A", 
measurements  showed that  a n  increase  i n  flow depth of 2 . 3  feet  caused 
an additional seepage l o s s  of m o r e  than 20 cfs.  At 20 c fs ,  the prototype 
trapezoidal measur ing  flume has  an upstream depth of 1 .27  feet. The 
Pa r sha l l  f lume with the s ame  flow ra t e  has an  ups t r eam depth of 3. 02 
feet .  Thus, the seepage l o s s e s  would definitely i nc rease  with use of 
the Pa r sha l l  flume. 
Under super -c r i t i ca l  flow conditions, the t rapezoidal  f lume and 
the rectangular f lume a r e  v e r y  comparable with l i t t le  difference in the 
operation of e i ther .  
The model study of the trapezoidal measur ing  f lume has  shown 
that such a flume designed for  submerged flow conditions can be used 
a s  a measur ing  device.  A submerged flume has  s eve ra l  advantages in 
favor  of i t s  use :  (1) l e s s  head l o s s  through the s t ruc tu re ,  (2) l e s s  
erosion downstream f r o m  the s t ruc ture ,  ( 3 )  use  of a shor te r  s t ruc ture  
because of a f a s t e r  exit divergence.  The difficulty in comparing 
different types of ventur i  f lumes under submerged flow conditions i s  
the very  meager  amount of information which ex is t s .  Some of the 
formulas  that have been cited a r e  in  considerable e r r o r  and a r e  ent i re ly  
inadequate a s  a bas i s  for  designing a flow measurement  s t ruc ture .  
Both the rectangular and trapezoidal flat-bottomed flumes would be 
ve ry  advantageous under submerged flow conditions. It is  felt ,  
however,  that the trapezoidal f lume, because of i t s  geometry,  has  a 
slight advantage over the rectangular f lume. 
SUMMARY AND CONCLUSIONS 
In order  to provide an economical flow measuring s t ruc tu re  for  
the D. M. A. D. Company, and to  cor re la te  this study with previous 
r e s e a r c h ,  a model study was conducted of a trapezoidal measur ing  
f lume.  The object of this study was to provide the design for  a 
prototype s t ruc ture  capable of car ry ing  300 cfs and to ca l ib ra te  the 
s t ruc tu re  for  both super -c r i t i ca l  and submerged flow conditions, 
Utilizing r e s e a r c h  efforts of o thers ,  and the known field con- 
dit ions,  an  initial design for  a prototype s t ruc ture  was proposed and 
then a model study was made of this proposed design. The ra t io  of 
prototype to model was taken a s  7 : 1 in view of laboratory faci l i t ies .  
The initial design proposed was not successful  due to the  
occur rence  of separation,  which was caused by too great  a divergence 
in  the exit section, To rectify this  problem, severa l  pa t te rns  of blocks,  
s t ee l  vanes ,  and columns w e r e  used to eliminate the separat ion and to 
evenly distribute the flow. .This proved impract ical  o n  the init ial  
3 : 1 diverging section,  b u t  on the next selection of a 6 : 1 d iver -  
gence,  a pattern of th ree  columns placed a t  the beginning of the exit 
and of height g rea te r  than the maximum flow, fulfilled the requi re -  
ments .  Experimentation a l so  showed that elimination of a portion of 
the entrance section was justifiable. 
The modified model was then calibrated and thus provided the 
design of a prototype s t ruc ture  fo r  field use .  A rating curve and 
equation were  then developed for  super-cr i t ical  flow through the 
prototype s t ruc ture .  By use of this curve,  the D . M , A ,  D. Company can 
construct  and use  this  trapezoidal measuring flume. 
Should submerged flow develop in  the field,  but p r imar i ly  a s  a 
point of pract ical  in te res t ,  the prototype s t ruc ture  was calibrated for  
submerged flow by relating the maximum Froude number  and sub- 
mergence conditions to a new pa rame te r ,  called the energy lo s s  
pa rame te r .  This pa rame te r  i s  actually the energy l o s s  divided by the 
minimum depth of flow in the throat.  This relationship yielded a rating 
curve and an equation for  submerged flow conditions. To show the 
accuracy of the relationship a computer p rogram was wri t ten.  The 
computer p rogram showed the average e r r o r  f o r  a l l  measu red  values 
of submergence to b e  1 .44 percent .  
A comparison was  then made of th ree  ventur i  f lumes: (1) 
trapezoidal, ( 2 )  rectangular ,  and (3)  Parsha l l .  These  th ree  flumes 
were  so  designed that each had one foot head lo s s  through the s t ruc ture  
for  a discharge of 300 cfs.  The comparison made is the volume of 
concrete necessary  to construct  each s t ructure .  The rectangular and 
trapezoidal a r e  essent ia l ly  the s ame  but the P a r s h a l l  r equ i r e s  l e s s  
concrete.  However, it  should be noted he re  that si l t ing ups t ream and 
additional seepage l o s s e s  decreased  the desirabi l i ty  of the Pa r sha l l  
flume. 
This investigation has provided an  adequate method for the 
calibration of open channel submerged measur ing  flumes.  The 
pa rame te r s  neces sa ry  to cal ibrate  a trapezoidal measuring f lume w e r e  
developed. Subsequent testing by Skogerboe, Walker,  and Roblnson 
(1965) has  indicated that the s ame  pa rame te r s  a r e  a l so  valid for 
rectangular f lumes.  The development of these pa rame te r s  will provide 
the bas i s  for  a m o r e  widespread use  of submerged flumes in  the future.  
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T a b l e  1. B a s i c  m e a s u r e m e n t s .  
- 
Run a (h ) Type  
m (hl)m (h4)m m m 0 f. Q No. P  (hl)p (h4)p  ( h  ) m P  
F l o w  
3  0  2 .  31  0 .  693 0 . 5 6 2  0 .452  s u p e r .  300.  0  4 . 8 5 1  3 . 9 3 4  3 .  164 
3  1 2 .  31 0. 693 0 . 5 2 1  0 . 4 3 7  s u p e r .  300. 0  4 . 8 5 1  3 . 6 4 7  3 .059  
3  2  2 .  31 0. 694 0 .599 0 .490  c r i t .  300. 0  4 . 8 5 8  4. 193 3 .430 
33  2.  31 0 .708  0 .626 0. 568 s u b .  3 0 0 . 0  4 . 9 5 6  4 . 3 8 2  3 . 9 7 6  
34 2 .  31 0 . 7 3 3  0 .678  0. 637 s u b .  300.0  5 . 1 3 1  4 .  746 4 . 4 5 9  
35 2.  31 0. 784 0.744 0. 722 s u b .  300.0 5 . 4 8 8  5 . 2 0 8  5. 054 
36 2 .31  0 . 8 4 7  0 .821  0 .815  s u b .  3 0 0 . 0  5 .929 5. 747 5. 705 
3  7  2 . 7 5  0. 764 0 .653  0 .540  s u p e r .  3 5 7 . 1  5 . 3 4 8  4 . 5 7 1  3. 780 
38 2 . 7 5  0. 762 0 . 6 3 7  0 .516  s u p e r .  3 5 7 . 1  5 . 3 3 4  4 .459  3 .612 
3  9  2 . 7 5  0. 764 0 .665  0 .549 c r i t .  357 .1  5 . 3 4 8  4 . 6 5 5  3. 843 
40 2 . 7 5  0. 780 0, 694 0. 628 sub.  3 5 7 . 1  5 . 4 6 0  4 .858  4 .  396 
4 1  2 . 7 5  0. 817 0 . 7 5 7  0. 721 sub .  3 5 7 . 1  5.  719 5 .299  5 .047  
42 2 . 7 5  0 .843  0. 796 0.768 s u b .  3 5 7 . 1  5 . 9 0 1  5 .572 5 . 3 7 6  
43  2 . 0 2  0. 649 0 .522  0 .422  s u p e r .  262. 3  4 . 5 4 3  3 . 6 5 4  2 . 9 5 4  
4 4  2 . 0 2  0. 649 0 .483  0 . 4 1 2  s u p e r .  2 6 2 . 3  4 . 5 4 3  3 . 3 8 1  2. 896 
45  2 . 0 2  0 .650 0 .554  0 . 4 5 6  c r i t .  262.3  4 .550  3 . 8 7 8  3. 192 
46 2 . 0 2  0 .665 0 . 5 8 4  0 .528  sub .  262. 3  4 .655  4 . 0 8 8  3. 696 
4  7  2 . 0 2  0 . 6 9 1  0 .633  0 .597  sub.  262. 3  4 .837  4 . 4 3 1  4 .  179 
4  8  2. 02 0. 732 0. 692 0. 670 sub .  2 6 2 . 3  5 . 1 2 4  4 . 8 4 4  4 .  690 
49 1. 78 0 .603  0 . 4 8 0  0.  389 s u p e r .  2 3 1 . 1  4 . 2 2 1  3.360 2. 723 
50 1. 78 0 .603  0 . 4 3 8  0 . 3 8 0  s u p e r .  231.1  4 . 2 2 1  3 . 0 6 6  2. 660 
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Table 1. Continued 
- 
Run Q ( h  ) Type 
m (hl'm (h4'rn m m of Q No. P (hl$ (h4)p 
(h  ) 
m P 
F l o w  
c r i t .  
sub. 
sub. 
sub. 
super .  
super .  
c r i t .  
sub. 
sub. 
sub. 
super .  
super.  
c r i t .  
sub. 
sub. 
6  6  1.  40 0 . 6 1 3  0 .584  0 .  562 sub. 1 8 1 . 8  4 . 2 9 1  4 .088  3 . 9 3 4  
67 1 . 4 0  0 . 8 0 0  0. 790 0. 775 sub. 1 8 1 . 8  5. 600 5 .530  5 .425  
68 1 . 2 0  0 . 4 8 5  0.364 0. 302 super .  1 5 5 . 8  3 . 3 9 5  2.  506 2 . 1 1 4  
69 1 . 2 0  0 .485  0 .318  0 . 2 9 7  super .  1 5 5 . 8  3 .395 2 . 2 2 6  2 .079  
70 1 . 2 0  0 .486 0 .385 0 .342 c r i t .  155 .8  3 .402 2 . 6 9 5  2 . 3 9 4  
Table  1. Continued 
Run Q Type 
m (h 1 )m (h4)m (hm)m of Q No. P (hl)p (h4'p 
(h  ) 
m P  
Flow 
sub. 
sub.  
sub. 
sub. 
super .  
super .  
c r i t .  
sub.  
sub.  
sub.  
sub. 
supe r .  
supe r .  
supe r .  
super .  
sub. 
sub. 
sub. 
supe r .  
T a b l e  1. Cont inued 
- 
Run Q T y p e  
m (h 1 )m ( h 4 ) m  (hm)m of P  (hl'p (h4lp ( h  ) Q 
No. m P F l o w  
9  1 0 .580 0 .321  0 .205  0 .212 s u p e r .  7 5 . 3  2 . 2 4 7  1 . 4 3 5  1 . 4 8 4  
9  2  0.580 0 .322 0 .235  0 . 2 2 1  s u p e r .  7 5 . 3  2 .254 1 . 6 4 5  1 . 5 4 7  
9 3  0 .580 0 . 3 2 4  0.250 0 . 2 2 7  s u p e r .  75.3 2 .268 1. 750 1. 589 
9  4  0 . 5 8 0  0. 327 0 .263  0 .239 sub .  75 .3  2 .289 1 . 8 4 1  1 . 6 7 3  
95 0 .580  0 . 3 4 4  0 . 3 0 8  0 . 2 8 3  s u b .  75 .3  2 . 4 0 8  2 . 1 5 6  1 . 9 8 1  
9  6  0 .580  0 .589  0.588 0 .581  sub.  7 5 . 3  4. 123 4 .116  4 .  067 
9  7  0 .407  0 .266 0. 195 0. 173 s u p e r .  5 2 . 9  1, 862 1 . 3 6 5  1 .211 
9  8  0 .407 0 .266  0 .168  0 .167 s u p e r .  5 2 . 9  1. 862 1 .176  1. 169 
99 0 .407  0 .266  0 .202 0. 178 c r i t .  5 2 . 9  1 . 8 6 2  1 . 4 1 4  1 .246 
100 0 . 4 0 7  0 . 2 6 7  0 .217  0. 193 sub.  5 2 . 9  1 . 8 6 9  1.519 1 .  351 
101 0 . 4 0 7  0.283 0 .251  0 . 2 2 8  sub.  52.9 1 .981  1 . 7 5 7  1. 596 
102 0 .407  0 .678  0 .678 0 .678  s u b .  52 .9  4.  746 4 . 7 4 6  4. 746 
103 0 .215  0.181 0. 128 0. 119 s u p e r .  2 7 . 9  1 . 2 6 7  0,896 0 . 8 3 3  
104 0 . 2 1 5  0. 181 0 .118  0. 118 s u p e r .  2 7 . 9  1 . 2 6 7  0 . 8 2 6  0 .  826 
105 0 .215  0 .181  0. 134 0 .120  s u p e r .  2 7 , 9  1 . 2 6 7  0 . 9 3 8  0 .840 
106 0.215 0 .183  0. 143 0.122 s u p e r .  27. 9  1 . 2 8 1  1 . 0 0 1  0 . 8 5 4  
107 0 .215  0 . 1 8 3  0. 146 0. 126 s u p e r .  27. 9  1 . 2 8 1  1 .022  0 .882 
108 0 .215  0. 189 0. 166 0 .146  s u b .  27 .9  1 . 3 2 3  1. 162 1.022 
109 0 . 2 1 5  0 . 2 1 5  0 . 2 0 4  0 .187 s u b .  27. 9  1 .505 1 . 4 2 8  1. 309 
110 0 .215  0 .270 0 . 2 6 6  0 .262 s u b .  27. 9  1 . 8 9 0  1 .862  1 .834 
111 0 . 2 1 5  0 .407 0 .407  0.408 sub .  27. 9  2 .849  2 . 8 4 9  2 .856  
4 
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T a b l e  2. Computa t ion  o f  p a r a m e t e r s .  
- 
Run  Q C C '  F 
P 1 F h4'hl (hl- h4)p  (h ) b l  - h4)  max No. E P h 
m 
-
Run Q C C' 
P  1 
F h4'hl (hl-h4)p (h ) 
m P  
(h1-h4) 
No.  max - -
1 F max 
Run Q C C '  1 F P max h4'hl (hl-h4)p (h ) (hl -h*) No. m P -h 
m 
- 
eqea  pue r u e x 8 o . I ~  ~ a ~ n d u r o 3  MoIJ p a f j ~ a w q n s  
g x:puaddy 
The computer program a s  listed below gives the solution to: 
PRAM 
PRAME 
SUB 
SUBE 
QESUB 
DIF S B 
QEFR 
DIFFR 
measured  value of energy l o s s  parameter .  
value of energy loss  pa rame te r  a s  computed f rom 
Equation 24. 
measured  value of submergence. 
value of submergence a s  computed f r o m  Equation 23 .  
value of discharge a s  computed f r o m  Equation 28. 
difference in measured discharge and value 
computed f rom Equation 28. 
value of discharge a s  computed f rom Equation 2 7  
difference in measured discharge and value 
computed f rom Equation 27 .  
COMPUTATION O F  PARAMETERS 
C CALCULATION O F  F L O W  R A T E  USING SUBMERGENCE FOR A TRAPEZOIDAL F L U M E  
C DIMENSION H ( 4 ) ,  B ( 2 ) ,  A ( 2 ) ,  T ( 2 ) ,  F ( 2 )  
C H REPRESENTS WATER D E P T H ,  B = F L U M E  BOTTOM WIDTH, A = AREA,  T = WATER 
C SURFACE WIDTH 
C F = FROUDE NUMBER, Q = F L O W  R A T E ,  POINT 1 = ENTRANCE,  2 = POINT O F  MIN. 
C D E P T H ,  4 = EXIT 
C S L O P E  O F  F L U M E  SIDE WAS A ONE TO ONE 
1 READ 100,  B ( l ) ,  B ( 2 )  
100 FORMAT ( 2 F 6 . 2 )  
PUNCH 200 
200 FORMAT (1X5HDIFFR3X4HQEFR5X1HQ5X5HQESUB4X5HDIFSB4X3HSUB4X4HSUBE4X 
14HPRAM4X5HPRAMEl / )  
2 READ 101,  Q ,  H(1) ,  H(Z) ,  H(4)  
101 FORMAT ( F 6 . 2 ,  3 F 8 . 5 )  
G = 3 2 . 2  
A (1 )  = (B(1)  t H ( l ) ) * H ( l )  
A (2 )  = (B(2)  t H(2))':'H(2) 
Z = SQR ( A ( I ) / A ( Z ) * A ( l ) / A ( 2 )  - 1. 0)  
3 QT = A(l):: 'SQR(G*(H(l) - H ( 2 ) ) ) l Z  
C Q T  IS THE THEORETICAL FLOW R A T E  
C = Q / Q T  
C C IS A DIMENSIONLESS NUMBER AND A F O R M  O F  A FROUDE NUMBER 
cc = c / z  
T ( 1 )  = B ( 1 )  t 2.0>%H(1) 
T ( 2 )  = B(2)  t 2. O*H(Z) 
4 F(1) = Q/(A(l)::'SQR(G*A(l)/T(l))) 
5 F ( 2 )  = Q/(A(2)::'SQR(G::'A(2)/T(2))) 
6 SUB = H(4) /H(1)  
COMPUTATION O F  PARAMETERS (cont inued)  
C SUB IS THE DEGREE T H E  FLOW IS SUBMERGED 
PRAM = (H(1) - H ( 4 ) ) / H ( 2 )  
C STATEMENTS 10,  11,  12,  13 ARE EMPIRICALLY DERIVED EQUATIONS 
10 SUBE = 0 . 9 9 1  10. 0::O. 34*PRAM 
11 PRAME = 0. 300:?F(2):%*:2. 38 
12 Q E F R  = 34. 7:KF(2)*H(2):?:%1. 74 
13  QESUB = - 13. 83"(H(1) - H(4))*;*1. 74 / (LOG(H(4) / .  99::H(1))2;.43429):%:::1. 32 
20 DIFFR = Q - Q E F R  
21 DIFSB = Q - QESUB 
PUNCH 201,  D I F F R ,  Q E F R ,  Q, QESUB, DIFSB, SUB, SUBE,  PRAM,  PRAME 
201 FORMAT ( F 6 .  3 ,  3 F 8 .  2 ,  F 8 .  3 ,  4 F 8 . 4 )  
IF (SENSE SWITCH 9 )  30,  2  
30 PAUSE 
END 
16.  0  6.  0  
6P8 ' Z  
2 9 8  ' I  
8ZP .1  
Z91 ' 1  
9PL ' P  
L5L ' I  
6 1 5  ' 1  
9 1 1  ' P  
9 5 1  ' Z  
I P 8 . 1  
£ 9 6  ' P  
6 £ 9  ' Z  
9 6 2  ' Z  
I0Z ' 5  
8 2 5  ' £  
286  ' Z  
L65 ' Z  
ZL5 ' 5  
LZ6 'E 
9 0 2  .£ 
0P6 ' Z  
0 2 5  ' 5  
6 8 0  ' P  
PPP "2 
b 6 0  'E 
L55 '77 
P6L 'E 
6 £ £  ' £  
6 8 £  ' P  
9 0 6  ' £  
8 6 5  ' £  
PP8 '.6 
I£=P.P 
R R O  ' P  
Z L E  ' 5  
66Z ' 5  
6 5 s  ' ;b  
LPL ' 5  
80Z ' 5  
9PL ' P  
Z8£ ' P  
0 5 8  ' Z  
0 6 8  ' I  
5 0 5  ' 1  
£ZE ' 1  
L%L ' P  
1 8 6 ' 1  
6 9 8  ' 1  
FZ1 '=P 
80P ' Z  
6 8 2  ' Z  
7786 ' -6  
5 0 6  ' Z  
L£L ' 2  
9 £ Z  ' 5  
969  ~£ 
F8Z 'E 
6 2 1  ' £  
1Z9 ' 5  
5 6 0  ' P  
LL5 ' £  
ZLP 'E 
0 0 9  ' 5  
16Z '.6 
P98 'E 
5PL * £  
9.6L ' P  
0 0 2  ' P  
8 1 0  '.6 
£ 8 9  ' P  
9 6 s  '* 
S9Z ' P  
.6ZT .5 
LC8 ' P  
559 .P 
1 0 6  .5 
61L ' 5  
09P ' 5  
6Z6  ' 5  
88P  ' 5  
1E1 .5 
9 5 6  ' 9  
6  ' L Z O  
6 'LZ0  
6  'LZ0  
6  'LZ0  
6  ' Z 5 0  
6  ' 2 5 0  
6 ' 2 5 0  
£ ' 5 L 0  
£ ' 5 L 0  
£ ' 5 L 0  
9 ' Z 0 1  
9  ' Z O I  
9 ' Z 0 1  
z'1f1 
Z ' 1 E 1  
Z ' I E T  
Z ' 1 £ 1  
8  ' 5 5 1  
8  ' 5 5 1  
8  ' 5 5 1  
8  ' 5 5 1  
8 ' 1 8 1  
8  ' 187  
8  ' 1 8 1  
8  ' 1 8 1  
8  ' L O Z  
8  ' L O Z  
8  ' L O Z  
1  .1£Z 
1  ' T £ Z  
7 ' 1 S Z  
E ' Z 9 Z  
£ ' Z 9 Z  
£ ' Z9Z  
1  ' L 5 £  
1  ' L 5 S  
I 'L5F 
0  ' 0 0 s  
0  ' 0 0 £  
0  ' 0 0 £  
0 ' O O E  

Table 4. Continued. 
DIFFR QEFR Q DIFSB QESUB SUB SUBE PRAM PRAME %ERROR (DIFSBIQ) 
